To understand stress perturbations associated with minor faults and fractures, relationships between the faults, fractures, lithologic boundaries and stress changes in hole B of Taiwan Chelungpu-fault Drilling Project (TCDP) were investigated. Here, we reported four patterns of stress changes in the vicinity of faults, fractures and lithologic boundaries found in TCDP hole B: (i) the stress orientation (breakout azimuth) rotates abruptly (discontinuously) in the vicinity of the faults or fractures; (ii) the orientation rotates gradually; (iii) breakouts are suppressed at faults, fractures, or lithologic boundaries; and (iv) the orientation does not change across faults or fractures.
INTRODUCTION
Stress and earthquakes are interrelated: stress triggers earthquakes and earthquakes alter the shear and normal stresses on surrounding faults. Various stress measurements were carried out in a scientific drilling borehole, hole-B of Taiwan Chelungpu-fault Drilling Project (TCDP) penetrating the northern segment of the Chelungpu fault, drilled about 5 years after the 1999 Chi-Chi, Taiwan, earthquake. In the expected depth range of the Chelungpu fault, three major fault zones were encountered (e.g., Hirono et al., 2006) . Lin et al. (2007a) had found an important fact that clearly recognizable principal stress rotations in the vicinity of the shallowest major fault zone, at 1133 m depth in hole B, suggest that this fault zone ruptured during the 1999 earthquake. In order to reveal the details on stress perturbations associated with faults and fractures, Lin et al. (2009) investigated all the faults and large fractures from both FMI images of borehole and descriptions of drilling core samples in TCDP hole B, and measured the variations of principal horizontal stress orientation in the vicinity of the faults and fractures from borehole breakouts and drilling induced tensile fractures. They found four types of the relations between the faults/fractures and the breakouts and/or the tensile fractures which indicates the principal horizontal stress orientation in the TCDP hole-B, i) the stress orientation (breakout location) rotates abruptly (discontinuously) across the fault or fracture; ii) the orientation rotates gradually, iii) the breakout occurrence is suppressed at fractures or at boundary of lithology; iv) and the orientation does not change across fractures or faults. We summarize these four patterns of orientation changes of principal horizontal stresses around faults and fractures in this paper.
TAIWAN CHELUNGPU-FAULT DRILLING PROJECT (TCDP)
The large, destructive Chi-Chi earthquake (Mw 7.6) occurred in west-central Taiwan on 21 September 1999 as a result of convergence between the Philippine Sea and Eurasian plates (Ji et al., 2003) . To understand the physics of the earthquake and the mechanism of rupture propagation, the TCDP drilled two vertical holes 40 m apart (hole A to an approximate depth of 2000 m and hole B to an approximate depth of 1350 m) about 2 km east of the surface rupture (Figure 1 ), near the town of Da-Keng (Ma et al., 2006) . The Chelungpu fault dips gently to the east (30°), and slips principally within and parallel to the bedding of the Pliocene Chinshui Shale (Figure 1b) . The TCDP holes penetrate three major fault zones (e.g., Hirono et al., 2006) within the Chinshui Shale, which, despite its formal lithostratigraphic name, in this area is composed mainly of siltstone. Each of the three fault zones has components of wall rock, damage zone and fault core. By regional stratigraphic constraint, however, we believe they will merge into one below certain depth since we did not find distinct stratigraphic offset on the surface geology.
A main objective of the TCDP was to determine the spatial distribution of the in situ stress and, in particular, to determine the stress state on and around the fault plane before, during, and after the earthquake. Previous stress-related studies in the area have reported the focal mechanisms of earthquakes occurring before the 1999 Chi-Chi earthquake (Yeh et al., 1991) , and a stress tensor inversion of the Chi-Chi earthquake sequence (Kao and Angelier, 2001; Wang and Chen, 2001 ) revealed some regional stress information in the Taiwan area. Moreover, as part of the TCDP, Hung et al. (2009) determined stress magnitudes by hydraulic fracturing at four depths in hole B; Wu et al. (2007) and Lin W. et al. (2007a) obtained stress orientations mainly from borehole breakouts in hole A and hole B, respectively; Lin et al. (2007b) published preliminary results of three-dimensional stress determination by anelastic strain recovery (ASR) of core samples from hole A; and Yabe et al. (2008) measured stresses by acoustic emission (AE) and deformation rate analysis (DRA) of core samples. In addition, Haimson et al. (2009) have estimated the maximum principal horizontal stress magnitude by using the combination of borehole breakout width and rock strength data from true triaxial compression tests, which are considered able to replicate in situ stress conditions reliably.
AN EXAMPLE OF STRESS ORIENTATION ROTATION
Immediately below a minor fault (approximately 3 cm thick; logging depth, 975.4 m; 30/130 approximately) (Figure 2a-c) , breakouts were identified that gradually rotate below the fault by 90°approximately over an interval of approximately 2.6 m, until reaching another fracture at 978.0 m depth (Figure 3 ). Below this fracture (978.0 m), the breakouts do not rotate but maintain an almost constant azimuth consistent with the regional stress orientation. Because the gradual stress rotation is local and the lithologies in hanging and foot walls are almost same (Figure 2a  and 2b) , the rotation might be interpreted due to presences of the minor fault.
Breakouts were absent in the hanging wall of the minor fault at 975.4 m logging depth described in above, but breakouts were present in the foot wall of the fault (Figure 2c ). This shows that breakouts were suppressed at this minor fault. It is clear from the optical core images that the lithology of the hanging and foot walls is almost the same ( Figure  2a and 2b) , suggesting that their compressive strengths are likely to be approximately equal. Thus, we can infer that the stress state, especially the magnitude of the maximum principal horizontal 
CONCLUSIONS
To understand stress perturbations associated with minor faults and fractures, relationships between the faults, fractures, lithologic boundaries and stress changes in TCDP hole B were investigated. Here, we reported four patterns of stress changes in the vicinity of faults and fractures found in TCDP hole B: (i) the stress orientation (breakout azimuth) rotates abruptly (discontinuously) in the vicinity of the faults or fractures; (ii) the orientation rotates gradually; (iii) breakouts are suppressed at faults, fractures, or lithologic boundaries; and (iv) the orientation does not change across faults or fractures. We recognized stress fluctuations, that is, heterogeneous mesoscale (>10 cm) stress distributions with regard to both stress orientation and magnitude. We also found that stress state changes were common in the vicinity of faults, fractures, and lithologic boundaries.
